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Pan-Genome and Comparative Genome Analyses of Propionibacterium
acnes Reveal Its Genomic Diversity in the Healthy and Diseased
Human Skin Microbiome
Shuta Tomida,a Lin Nguyen,a Bor-Han Chiu,a Jared Liu,a Erica Sodergren,b George M. Weinstock,b Huiying Lia,c
Department of Molecular and Medical Pharmacology, Crump Institute for Molecular Imaging, David Geffen School of Medicine, UCLA, Los Angeles, California, USAa; The
GENOME Institute at Washington University in St. Louis, St. Louis, Missouri, USAb; UCLA-DOE Institute for Genomics and Proteomics, UCLA, Los Angeles, California, USAc
ABSTRACT Propionibacterium acnes constitutes a major part of the skin microbiome and contributes to human health. However,
it has also been implicated as a pathogenic factor in several diseases, including acne, one of the most common skin diseases. Its
pathogenic role, however, remains elusive. To better understand the genetic landscape and diversity of the organism and its role
in human health and disease, we performed a comparative genome analysis of 82 P. acnes strains, 69 of which were sequenced by
our group. This collection covers all known P. acnes lineages, including types IA, IB, II, and III. Our analysis demonstrated that
although the P. acnes pan-genome is open, it is relatively small and expands slowly. The core regions, shared by all the sequenced
genomes, accounted for 88% of the average genome. Comparative genome analysis showed that within each lineage, the strains
isolated from the same individuals were more closely related than the ones isolated from different individuals, suggesting that
clonal expansions occurred within each individual microbiome.We also identified the genetic elements specific to each lineage.
Differences in harboring these elements may explain the phenotypic and functional differences of P. acnes in functioning as a
commensal in healthy skin and as a pathogen in diseases. Our findings of the differences among P. acnes strains at the genome
level underscore the importance of identifying the humanmicrobiome variations at the strain level in understanding its associa-
tion with diseases and provide insight into novel and personalized therapeutic approaches for P. acnes-related diseases.
IMPORTANCE Propionibacterium acnes is a major human skin bacterium. It plays an important role in maintaining skin health.
However, it has also been hypothesized to be a pathogenic factor in several diseases, including acne, a common skin disease af-
fecting 85% of teenagers. To understand whether different strains have different virulent properties and thus play different roles
in health and diseases, we compared the genomes of 82 P. acnes strains, most of which were isolated from acne or healthy skin.
We identified lineage-specific genetic elements that may explain the phenotypic and functional differences of P. acnes as a com-
mensal in health and as a pathogen in diseases. By analyzing a large number of sequenced strains, we provided an improved un-
derstanding of the genetic landscape and diversity of the organism at the strain level and at the molecular level that can be fur-
ther applied in the development of new and personalized therapies.
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Propionibacterium acnes is a major commensal of the humanskin. It contributes to maintaining skin health by inhibiting
the invasion of common pathogens, such as Staphylococcus aureus
and Streptococcus pyogenes. It does so by hydrolyzing triglycerides
and releasing free fatty acid that contributes to the acidic pHof the
skin surface (1). On the other hand, P. acnes has been historically
linked to acne vulgaris, a chronic inflammatory disease of the
pilosebaceous unit affecting more than 85% of adolescents and
young adults (2). Our metagenomic study previously demon-
strated that P. acnes was a dominant bacterium in the piloseba-
ceous unit in both healthy individuals and acne patients (3, 4). At
the strain level, however, the population structures of P. acnes
were different between the two groups. Our findings suggested
that microbe-related human diseases are often caused by certain
strains of a species rather than the entire species, in line with the
studies of other diseases (5, 6).
P. acnes has been classified into three major genetic lineages.
Studies by Johnson and Cummins (7) first revealed two distinct
phenotypes ofP. acnes, known as types I and II, thatwere able to be
distinguished based on serological agglutination tests and cell wall
sugar analysis. McDowell et al. (8) differentiated types I and II
P. acnes by monoclonal antibody typing. Furthermore, their phy-
logenetic analysis of P. acnes strains based on the nucleotide se-
quences of the recA gene and a more-variable hemolysin/cyto-
toxin gene (tly) demonstrated that types I and II represent distinct
lineages. Their investigations also revealed that strains within the
type I lineage can be further split into two clades, known as types
IA and IB (8, 9). An additional phylogenetic group of P. acnes,
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known as type III, was described later (10). Recent studies based
on multilocus sequence typing (MLST) further subdivided P. ac-
nes into closely related clusters—IA1, IA2, IB, IC, II, and III or
I-1a, I-1b, I-2, II, and III—some of which were associated with
various diseases, including acne (11–13).
The first complete genome sequence of P. acnes, KPA171202, a
type IB strain, provided insight into the pathogenic potential of
this Gram-positive bacterium (14). The genome is 2.56 Mb with
60% GC content. It encodes 2,333 open reading frames (ORFs),
including multiple gene products, such as sialidases, neuramini-
dases, endoglycoceramidases, lipases, and pore-forming factors,
that are involved in degrading host molecules. However, the se-
quence of a single genome does not reflect the genetic landscape of
the organism and how genetic variations among strains determine
their various phenotypes and pathogenic properties.
To better understand the humanmicrobiome variations at the
strain level, as part of theHumanMicrobiomeProject (HMP) (15,
16), we previously generated the reference genome sequences of
66 P. acnes strains selected from a collection of over 1,000 strains
isolated from a cohort of healthy subjects and acne patients (4).
These 66 strains represent the major lineages of P. acnes found on
the human skin, including types IA, IB, and II. To cover all the
main P. acnes lineages in the analysis, we newly sequenced three
additional P. acnes strains, including the first available type III
P. acnes genome. Thirteen P. acnes genomes sequenced by other
research groups (14, 17–22) were also available at the time of
analysis. With a total of 82 genomes, we performed a comparative
genome analysis to characterize the pan-genome of P. acnes, the
phylogenetic relationships among different lineages, the micro-
evolution of the strains in the same individual microbiome, and
the genetic elements specific to each lineage and their associations
with health and disease.
RESULTS
P. acnes strains and general genome features.To understand the
genomic diversity of this important skin commensal at the strain
level, we analyzed the genomes of 69 P. acnes strains that we se-
quenced. Among them, 67 P. acnes strains were isolated from the
skin of healthy individuals and acne patients (4) and two P. acnes
strains, HL201PA1 and HL202PA1, were isolated from refractory
endodontic lesions (23) (Table 1). These 69 strains cover all the
known P. acnes lineages isolated to date. We classified the strains
based on their 16S rRNA sequences. Each unique 16S rRNA se-
quence was defined as a ribotype (RT). All the sequenced P. acnes
genomes had three identical copies of 16S rRNA. Based on our
metagenomic study of the skin microbiome associated with acne
(4), among the top ten major ribotypes, RT1, RT2, and RT3 were
the most abundant and found in both healthy individuals and
acne patients with no significant differences. RT4, RT5, and RT8,
however, were enriched in acne patients, while RT6 was found
mostly in healthy individuals. Our 69 strains included 19 RT1
strains, five RT2 strains, 15 RT3 strains, eight RT4 strains, seven
RT5 strains, four RT6 strains, six RT8 strains, four strains of mi-
nor ribotypes, and one type III strain. The sequence types of all the
strains were assigned based on two publishedMLST schemes (11–
13) and are shown in Table S1 in the supplemental material. The
average genome size was 2.50Mb (ranging from 2.46 to 2.58Mb),
and the GC content was 60%. On average, each genome encoded
2,626 ORFs (ranging from 2,393 to 2,806) (Table 1).
Our analysis included 13 additional P. acnes genomes that were
publicly available (14, 17–22) (Table 1). The average genome size
of these 13 P. acnes strains was 2.51 Mb (ranging from 2.48 to
2.56 Mb), and the GC content was 60%, encoding 2,319 ORFs on
average (ranging from 2,233 to 2,412). These 13 genomes include
six RT1 strains, two RT2 strains, four RT3 strains, and one RT5
strain; however, no genomes of RT4, RT6, RT8, and type III
strains were available. Our sequencing effort significantly in-
creased the number of genomes for each P. acnes lineage as well as
the number of lineages covered.
P. acnes pan-genome. To determine the genetic landscape of
P. acnes, we estimated the pan-genome based on the 82 P. acnes
genomes. We first estimated the number of new genes that would
be discovered by sequencing additional P. acnes genomes by using
a power law regression analysis, n  N (24) (Fig. 1A). Our
analysis identified  as 0.788. The average number of new genes
added by a novel genome was three when the 82nd genome was
added. We then estimated the number of P. acnes pan-genes that
would be accumulated by sequencing additional P. acnes genomes
by using a power law regression analysis, n N (Fig. 1B). The
exponent was 0.067, and P. acnes had 3,136 pan-genes (n 82).
Based on these results, the pan-genome of P. acnes is defined as
open, as the exponent  was less than one and  was greater than
zero (24). However, since  was close to one and  was close to
zero, we speculate that this organism evolved tightly without large
expansions.
Phylogenetic relationships among theP. acnes genomes.Ge-
nome comparison of the 82 P. acnes strains revealed that 2.20 Mb
(88% of the average genome) were shared by all the P. acnes ge-
nomes, a section which we refer to as the “core regions.” Within
the core regions, 123,223 unique single nucleotide polymor-
phisms (SNPs) were detected among the strains. Twenty-
seven percent of the SNPs were unique to type I, 22%were unique
to type II, and 22% were unique to type III (see Fig. S1 in the
supplementalmaterial).We constructed a phylogenetic tree based
on the 123,223 SNPs in the core regions (Fig. 2). The tree showed
that the recA type classification of the strains was consistent with
the major clades based on the genomes, which we named clades
IA-1, IA-2, IB-1, IB-2, IB-3, IC, II, and III (4). The recA type IA, IB,
and II strains, except HL097PA1 and PRP-38, were all clustered
together within each type. The only recA type III strain,
HL201PA1, formed a separate branch from type I and type II
strains. The tree also showed that the 16S rRNA ribotypes of the
strains were consistent with the phylogenetic relationships in-
ferred from the genome sequences. Most of the RT1 strains were
clustered in clade IA-1, while all the RT4 and most of the RT5
strains were clustered in clade IA-2. All six RT8 strains were clus-
tered together in clade IB-1. All the RT3 and RT16 strains except
SK187 were clustered together in clade IB-2. HL030PA1 and
KPA171202 were clustered together with 6609 as a distinct IB-3
clade which has different phenotypes from strains in clades IB-1
and IB-2, including the lack of expression of dermatan sulfate
binding adhesions (13). HL097PA1 and PRP-38, which are
antibiotic-resistant strains, were clustered together and were clas-
sified as a novel type IC recently named by McDowell et al. (22).
All the RT2 strains were clustered in clade II, distant from clade I,
together with RT6 strains. HL202PA1, which is an RT6 strain and
was isolated from an oral site, was not much different from the
skin RT6 isolates and was clustered together with them. The phy-
logenetic tree based on the core genome regions demonstrated
that 16S ribotyping can be used for P. acnes strain identification
Tomida et al.
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TABLE 1 General features of the 82 P. acnes genomes




size (Mb) GC (%)
No. of
ORFs
1 HL001PA1 Skin 2 II Illumina 2.49 60.0 2,661
2 HL002PA1 Skin 3 IB Illumina 2.48 60.1 2,549
3 HL002PA2 Skin 1 IA Illumina 2.48 60.1 2,594
4 HL002PA3 Skin 1 IA Illumina 2.48 60.1 2,565
5 HL005PA1 Skin 4 IA Illumina 2.53 60.2 2,724
6 HL005PA2 Skin 1 IA Illumina 2.48 60.0 2,645
7 HL005PA3 Skin 1 IA Illumina 2.48 60.1 2,579
8 HL005PA4 Skin 3 IB Illumina 2.47 60.0 2,607
9 HL007PA1 Skin 4 IA Illumina 2.53 60.2 2,691
10 HL013PA1 Skin 3 IB Illumina 2.48 60.0 2,618
11 HL013PA2 Skin 1 IA Illumina 2.48 60.1 2,588
12 HL020PA1 Skin 1 IA Illumina 2.48 60.1 2,554
13 HL025PA1 Skin 1 IB Illumina 2.54 60.1 2,581
14 HL025PA2 Skin 3 IB Illumina 2.48 60.0 2,616
15 HL027PA1 Skin 3 IB Illumina 2.53 60.1 2,711
16 HL027PA2 Skin 1 IA Illumina 2.48 60.1 2,629
17 HL030PA1 Skin 1 IB Illumina 2.54 60.0 2,662
18 HL030PA2 Skin 3 IB Illumina 2.51 60.1 2,647
19 HL036PA1 Skin 532 IA Illumina 2.48 60.1 2,575
20 HL036PA2 Skin 532 IA Illumina 2.48 60.1 2,565
21 HL036PA3 Skin 1 IA Illumina 2.48 60.1 2,601
22 HL037PA1 Skin 3 IB Illumina 2.48 60.1 2,617
23 HL038PA1 Skin 4 IA Illumina 2.54 60.2 2,663
24 HL042PA3 Skin 6 II Roche/454 2.53 60.1 2,610
25 HL043PA1 Skin 5 IA Illumina 2.53 60.2 2,698
26 HL043PA2 Skin 5 IA Illumina 2.53 60.2 2,688
27 HL045PA1 Skin 4 IA Illumina 2.53 60.2 2,692
28 HL046PA1 Skin 3 IB Illumina 2.48 60.0 2,599
29 HL046PA2 Skin 1 IA Illumina 2.53 60.1 2,692
30 HL050PA1 Skin 3 IB Illumina 2.48 60.0 2,652
31 HL050PA2 Skin 1 II Illumina 2.46 60.1 2,581
32 HL050PA3 Skin 3 IB Illumina 2.48 60.0 2,558
33 HL053PA1 Skin 4 IA Illumina 2.53 60.2 2,632
34 HL053PA2 Skin 8 IB Illumina 2.51 60.1 2,664
35 HL056PA1 Skin 4 IA Illumina 2.48 60.1 2,581
36 HL059PA1 Skin 16 IB Illumina 2.48 60.1 2,570
37 HL059PA2 Skin 16 IB Illumina 2.48 60.0 2,535
38 HL060PA1 Skin 2 II Illumina 2.48 60.1 2,601
39 HL063PA1 Skin 1 IA Illumina 2.48 60.1 2,520
40 HL063PA2 Skin 3 IB Illumina 2.53 60.0 2,669
41 HL067PA1 Skin 3 IB Illumina 2.53 60.1 2,633
42 HL072PA1 Skin 5 IA Illumina 2.53 60.1 2,594
43 HL072PA2 Skin 5 IA Illumina 2.53 60.1 2,672
44 HL074PA1 Skin 4 IA Illumina 2.53 60.2 2,723
45 HL078PA1 Skin 1 IA Illumina 2.58 60.1 2,785
46 HL082PA1 Skin 8 IB Illumina 2.50 60.1 2,648
47 HL082PA2 Skin 2 II Illumina 2.51 60.0 2,644
48 HL083PA1 Skin 1 IA Illumina 2.48 60.1 2,575
49 HL083PA2 Skin 3 IB Illumina 2.48 60.0 2,633
50 HL086PA1 Skin 8 IB Illumina 2.53 60.1 2,610
51 HL087PA1 Skin 3 IB Illumina 2.48 60.1 2,584
52 HL087PA2 Skin 1 IA Illumina 2.48 60.1 2,572
53 HL087PA3 Skin 3 IB Illumina 2.52 60.1 2,619
54 HL092PA1 Skin 8 IB Illumina 2.50 60.1 2,590
55 HL096PA1 Skin 5 IA Roche/454 2.49 60.0 2,393
56 HL096PA2 Skin 5 IA Illumina 2.56 60.1 2,638
57 HL096PA3 Skin 1 IA Illumina 2.56 60.0 2,651
58 HL097PA1 Skin 5 IC Illumina 2.52 60.2 2,617
59 HL099PA1 Skin 4 IA Illumina 2.58 60.1 2,735
60 HL100PA1 Skin 1 IA Illumina 2.48 60.1 2,562
61 HL103PA1 Skin 2 II Illumina 2.48 60.1 2,546
62 HL106PA1 Skin 2 II Illumina 2.48 60.1 2,533
63 HL106PA2 Skin 1 IA Illumina 2.48 60.1 2,567
64 HL110PA1 Skin 8 IB Illumina 2.51 60.1 2,667
(Continued on following page)
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and classification. The 16S ribotypes of the strains are also consis-
tent with the clonal complexes assigned based on the two MLST
schemes (11, 13) with a similar resolution (see Table S1 in the
supplemental material). 16S ribotyping provides a much higher
resolution than recA typing, and in the meantime, it is much sim-
pler and faster, with only one gene required, thanMLST, which is
a laborious process generally requiring 7 to 9 genes.
The large number of genome sequences that we generated al-
lowed us to analyze the P. acnes pan-genome at the clade level.
Clades IA, IB, and II had 36, 33, and 12 genomes, respectively.
Based on the power law regression analyses described above, we
determined that at the clade level, P. acnes also has an open pan-
genome for recA type IA clade, type IB clade, and type II clade with
limited expansions (see Fig. S2 in the supplemental material). The
expansion rates were not significantly different among the clades
and were similar to the one at the species level. This suggests that
all the major lineages of P. acnes evolved at a similar rate.
SNP distribution in the core genome regions. To understand
whether there are “hot spots” for mutation and/or recombination
in the P. acnes genomes, we determined whether the SNPs were
randomly distributed throughout the genomes or enriched in par-
ticular regions. We calculated the frequency of SNPs in each pro-
tein coding gene in the core regions. The average rate of polymor-
phic sites in the core regions was 5.3%, i.e., 5.3 unique SNPs in
every 100 bp. This rate is comparable to the ones found inmultiple
gut bacterial genomes (25). Among the 1,888 genes encoded in the
core regions, 55 genes had higher SNP frequencies withmore than
two standard deviations (SD) and 47 genes had higher frequencies
with more than three SD (Fig. 3A). Using the Kolmogorov-
Smirnov (K-S) test, we demonstrated that these 102 highly mu-
tated genes were not randomly distributed throughout the ge-
nome (P  0.01) (Fig. 3B). This suggests that P. acnes has an
evolutionary risk management strategy. Based on the clusters of
orthologous groups (COG) categories, the functions of these 102
TABLE 1 General features of the 82 P. acnes genomes




size (Mb) GC (%)
No. of
ORFs
65 HL110PA2 Skin 8 IB Illumina 2.50 60.1 2,614
66 HL110PA3 Skin 6 II Illumina 2.54 60.1 2,806
67 HL110PA4 Skin 6 II Illumina 2.54 60.1 2,724
68 HL201PA1 Refractory endodontic
lesion
Not assigned III Illumina 2.48 60.1 2,629
69 HL202PA1 Refractory endodontic
lesion
6 II Illumina 2.56 60.0 2,821
70 KPA171202 Plate 1 IB Sanger 2.56 60.0 2,297
71 J139 Skin 2 II Roche/454 2.48 60.0 2,364
72 J165 Skin 1 IA Roche/454 2.50 60.0 2,403
73 SK137 Skin 1 IA Roche/454 2.50 60.0 2,352
74 SK187 Skin 3 IB Roche/454 2.51 59.0 2,381
75 SK182 Skin 1 IA Roche/454 2.48 60.0 2,338
76 266 Pleuropulmonary
infection
1 IA Roche/454 2.50 60.0 2,412
77 6609 Skin 1 IB Solid 2.56 60.0 2,358
78 ATCC 11828 Abscess 2 II Solid 2.49 60.0 2,260
79 P.acn17 Corneal scrape 3 IB Solid 2.52 60.0 2,266
80 P.acn31 Aqueous humor 3 IB Solid 2.50 60.0 2,247
81 P.acn33 Aqueous humor 3 IB Solid 2.49 60.0 2,236
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FIG 1 P. acnes pan-genome. (A) A power law regression for new genes (n) discovered with the addition of new genome sequences (N). (B) A power law
regression for total genes (n) accumulated with the addition of new genome sequences (N). Circles are the medians of n for 200 simulations. Error bars indicate
the standard deviations for the 200 simulations.
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genes showed a similar distribution as those of all 1,888 genes in
the core regions. There was no enrichment of a particular func-
tional category in these frequently mutated genes.
We further determined whether the mutations in the core re-
gions were under selection by calculating the ratio of nonsynony-
mous (NS) to synonymous (S) SNPs for the 1,888 genes. The
average rate of NSmutations was 38%. Among the 1,888 genes, 54
genes had higherNSmutation rateswithmore than two SDand 13
genes had higher NS mutation rates with more than three SD
(Fig. 3C). These 67 genes were randomly distributed in the ge-
nome and not particularly enriched in certain regions (P  0.05
with theK-S test) (Fig. 3D).Most of the 102 geneswith higher SNP
frequencies did not overlap with these 67 genes, suggesting that
independent evolutionary eventsmight lead to these gene alterna-
tions. Only ten genes had both high SNP frequencies and high NS
mutation rates, all annotated as hypothetical proteins.
Evolutionary relationships of the strains isolated from the
same individuals. The large number of P. acnes strains isolated
from the cohort of acne patients and healthy individuals allowed
us to investigate whether the P. acnes strains in hair follicles from
the same individual were clonal. Based on our previous meta-
genomic analysis, we demonstrated that most individuals har-
bored multiple P. acnes strains from different lineages (4). How-
ever, it is not known whether the strains of the same lineage in the
same individual were derived from the same ancestor. Genome
sequences of the strains isolated from the same samples make it
possible to examine whether the strains from the same individuals
(SSIs) evolved from the same origin via clonal expansion. Our 69
sequenced P. acnes strains included 49 SSIs: 13 duets (i.e., 13 pairs
of strains isolated from 13 individuals), five trios, and two quar-
tets. Twenty-three SSIs were clustered in the same clades, with
nine in clade IA-1, four in clade IA-2, two in clade IB-1, six in clade
IB-2, and two in clade II. We calculated the distance (substitution
rate at the 123,223 SNP sites in the core regions) between each pair
of SSIs (Fig. 2). The average distance of the SSIs in clade IA-1 was
0.0014, while that of strains from different individuals in clade
IA-1 was 0.0064 (P 0.001). Consistent results were observed in
other clades, including IA-2, IB-1, IB-2, and II (see Fig. S3A in the
supplemental material). This demonstrated that the SSIs in the
same lineagewere significantlymore similar to each other than the
strains isolated from different individuals, suggesting that they
were clonal in each individual. Among the RT4 and RT5 strains
FIG 2 A phylogenetic tree of 82 P. acnes strains and the distance matrix among the strains. A phylogenetic tree of 82 P. acnes strains was constructed based on
the 123,223 SNPs in the core regions (2.20Mb). The distances between strains were calculated as nucleotide substitution rates at all SNP sites, colored according
to the scale bar. The strains from the same individuals (SSIs) belonging to the same lineages are marked with “.”
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within clade IA-2, however, the average distance between SSIs
(0.0004) was not significantly different from the average distance
between strains from different individuals (0.0017) (P  0.072).
Moreover, the average distance between RT4/RT5 strains from
different individuals (0.0017) was similar to the average distance
between the SSIs in clade IA-1 (0.0014) and even shorter than the
average distances between the SSIs in clades IB-1 (0.0059), IB-2
(0.0019), and II (0.0022) (Fig. S3A). This suggests that although
isolated from different individuals, these RT4 and RT5 strains
seemed to be clonal and had evolved from the same recent ances-
tor. We observed a similar relationship between the two RT5
strains in clade IC, inwhichHL097PA1 andPRP-38, isolated from
different individuals, were closely related to each other with a
distance of 0.0012. Our metagenomic study has demonstrated a
strong association of strains of RT4 and RT5 with acne (4). The
clonality of these strains isolated from different individuals sug-
gests that RT4 and RT5 strains may be transmitted among indi-
viduals. This finding is consistent with the previous clinical report
that antibiotic-resistant propionibacteria were transmissible be-
tween acne-prone individuals, including dermatologists (26), as
most of the antibiotic-resistant P. acnes strains belong to RT4 and
RT5 (4). Our analysis of SSIs further supports the theory that RT4
and RT5 strains may be a pathogenic factor in acne.
To determine whether the distances between strain pairs from
the same individuals but belonging to different lineages were dif-
ferent from those between random strain pairs, we calculated the
distances of any pair of SSIs from different clades. The average
distance of the SSIs between clades IA-1 and IA-2 (i.e., HL005PA3
versus HL005PA1, HL005PA2 versus HL005PA1, HL096PA3 ver-
sus HL096PA1, and HL096PA3 versus HL096PA2) was 0.039,
similar to that of the isolates from different individuals (0.040).
Similar results were obtained for all other clade pair comparisons
(see Fig. S3B in the supplemental material). These results demon-
strated that the SSIs from different clades were similarly different
from each other as from the strains from different individuals.
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FIG 3 SNP distribution in the core regions. (A) SNP frequencies (percentages of polymorphic sites) of the genes in the core regions. (B) K-S statistics for genes
that had higher SNP frequencies with more than two standard deviations (SD). (C) Nonsynonymous mutation frequencies of the genes in the core regions. (D)
K-S statistics for genes that had higher nonsynonymous mutation frequencies with more than 2 standard deviations.
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strains undergo clonal expansion in the same population, while
multiple strain populations can often coexist in the same commu-
nity with little recombination.
Noncore genome regions in type I strains. By comparing the
genome sequences of the 82 P. acnes strains, we identified noncore
genome regions that were not shared by all 82 strains. The total
length of the noncore regions was approximately 0.90 Mb. The
average GC content of the noncore regions was slightly lower than
that of the core regions, 58% 6.9%, suggesting that part of the
noncore regions might be originated from other species via hori-
zontal gene transfer.
Different lineages of P. acnes strains have distinct noncore re-
gions. Using hierarchical clustering of the noncore regions, we
showed that the strains of the same ribotypes were clustered to-
gether, with distinct separations among the clades (Fig. 4). Among
the noncore regions, we identified the genetic elements specific to
each lineage, which may explain the phenotypic and functional
differences of the strains in health and disease. In clade IA-2, we
previously identified genomic loci 1, 2, and 3, which were unique
to mainly the RT4 and RT5 strains (4). These loci appear to be
originated from mobile genetic elements, encode several virulent
genes, and may contribute to the virulence of these strains. In the
meantime, the genomic island-like cluster 2 (GI2) (18) was
uniquely absent in most of the strains in this clade. Clade IB-1
consisted of all RT8 strains, whichwere also highly associatedwith
acne based on our metagenomic study (4). They all have a unique
genomic island (locus 4) which is 20 kb long and encodes a series
of nonribosomal peptide synthetases (NRPS) which may contrib-
ute to increased virulence of these strains. Most RT3 and RT16
strains belong to clade IB-2 and have fewer noncore regions than
the strains in other clades. This may be explained by the lack of
entire rearrangement hot spot (RHS) family proteins, which func-
tion in genomic rearrangements as previously implicated in Esch-
erichia coli (27). Clade IB-3 consisted of three strains, including
KPA171202. Three of the four genomic islands described previ-
ously (18), GI1, GI3, and GI4, were unique to this clade and were
absent in all other strains. Our analysis suggests that KPA171202,












































































































Islands 1, 3, 4
FIG 4 P. acnes strains within each lineage share unique noncore genomic regions. Rows represent 82 P. acnes genomes, and columns represent 314 noncore
regions that are longer than 500 bp. The genomes and the noncore regions were clustered based on similarity. The width of each block plotted is not proportional
to the genomic length of each noncore region. The presence of a noncore region is colored in yellow, and the absence is colored in blue. The color schemes used
for RT and clades are the same as in Fig. 2.
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did not seem to be a common skin P. acnes strain representing one
of the major lineages. This result is consistent with previous stud-
ies using MLST (11–13). Strains of clade IC belong to RT5. They
also contain locus 3, a linear plasmid, which is highly homologous
to the locus 3 in theRT4 andRT5 strains of clade IA-2 and encodes
a tight adhesion locus highly homologous to the one in Clostrid-
ium leptum (4). In general, although strains in different lineages
had a similar genome size with similar gain and loss of genetic
materials, they harbor distinct genetic elements which may give
rise to their different virulent properties.
Noncore genome regions in type II strains. Strains in clade II,
mainly RT2 and RT6, were more distantly related to the strains in
clade I. Based on our metagenomic study and previous studies,
strains in clade II were not associated with acne (4, 11–13), as RT2
was evenly distributed between acne patients and healthy individ-
uals while RT6 was significantly enriched in healthy individuals
(4). Compared to type I strains, the genomes of RT2 and RT6
strains lack several regions which are approximately 92 kb long in
total and encode 107 ORFs. On the other hand, RT2 and RT6
genomes have additional genomic regions with a similar size en-
coding 93 ORFs (Fig. 4). Based on the COG classification, there
were no significant differences in the distribution of the functional
categories between the 107 type I-specific ORFs and the 93 type
II-specific ORFs.
The most unique genomic feature of RT2 and RT6 strains is
represented by the clustered regularly interspaced short palin-
dromic repeats (CRISPR)/Cas locus (4). The CRISPR/Cas system
provides acquired bacterial immunity against viruses and plas-
mids by targeting nucleic acids in a sequence-specific manner
(28). All the sequenced strains of RT2 and RT6 encoded a com-
plete set of CRISPR/Cas genes and at least one repeat-spacer se-
quence, while none of the other ribotype strains did. Based on its
complete genome sequence (20), strain ATCC 11828 appeared to
be an exception, having only a terminal sequence but no spacer
sequence. However, using PCR and sequencing, we determined
that ATCC 11828 has one repeat-spacer sequence (see Table S2 in
the supplemental material). A total of 48 spacer sequences were
found in the 11 RT2 and RT6 strains, 29 of which were unique. In
other bacterial species, it has been established experimentally and
computationally that the spacers at the leader-proximal end are
more diversifiedwhile the spacers at the leader-distal end aremore
conserved among strains. We analyzed the evolutionary relation-
ships among the RT2 and RT6 strains based on their shared spacer
sequences. HL060PA1 and HL082PA2, which were clustered
tightly in clade II, shared the same spacer S2 (Fig. S4). J139, ATCC
11828, HL110PA4, HL110PA3, and HL202PA1 shared the same
spacers S17 and S18 (Fig. S4). These results suggest that these
groups of strains probably evolved from the same ancestors before
having acquired additional spacers. The relationships among the
strains based on shared CRISPR spacers are consistent with the
phylogenetic relationships calculated based on the SNPs in the
core regions. In addition, multiple type II strains harbored spacer
sequences that match the sequences in loci 2 and 3, which were
unique to mainly acne-associated RT4 and RT5 strains (4). The
sequences in loci 2 and 3 appeared to be originated fromC. leptum
and encode potential virulence factors (Fig. S4). As we hypothe-
sized previously, these loci may have been acquired by RT4 and
RT5 strains, while the genomes of RT2 and RT6 that encode these
spacersmay be capable of eliminating the invasion of foreignDNA
through the CRISPR mechanism (4).
The large number of high-quality draft genome sequences en-
abled us to detect not only large genomic variations but also small
but essential genomic alterations. It was previously reported that
type II strains showed decreased lipase activity (10). Lipase func-
tions in hydrolyzing triglycerides and releasing free fatty acids,
which are thought to be essential in P. acnes virulence. Based on
the genome annotation, we identified 13 genes with a potential
function of lipase (see Fig. S5A in the supplemental material).
Among them, we detected insertions/deletions ranging from one
nucleotide to 13 nucleotides that may explain the decreased lipase
activity in type II strains. Two triacylglycerol lipases were encoded
in tandem in P. acnes genomes, HMPREF0675-4855 and
HMPREF0675-4856 (according to the annotation of SK137). All
the type II strains and IB-3 strains had a deletion of the TATA box
20 bp upstream of the start codon of the second lipase gene,
HMPREF0675-4856 (Fig. S5B). In addition, there was a one-
nucleotide deletion at the position of G124 of the second lipase
gene, leading to a frameshift and the introduction of a premature
stop codon. These two deletions may potentially explain the de-
creased lipase activity and, hence, decreased virulence in acne ob-
served in type II strains in previous studies (4, 10).
Noncore genome regions in the type III strain. Type III
strains are rarely found on the skin surface. We sequenced a type
IIIP. acnes strain,HL201PA1, isolated froma refractory endodon-
tic lesion. This first available type III genome allowed us to identify
the genetic elements specific to this lineage. Compared to type I
and type II strains, the genome of HL201PA1 lacks a few regions
with a total length of 43 kb (Fig. 4). There were 42 ORFs encoded
in these regions, including anaerobic dimethyl sulfoxide reductase
(PPA0516-PPA0517), iron(III) dicitrate transport system per-
mease (PPA0792-PPA0793), 3-isopropylmalate dehydratase
(PPA1361-PPA1363), and maltose transport system permease
(PPA1553-PPA1554). Additional genomes of type III strains will
provide further insight into the specific genome properties and
evolution of this lineage.
DISCUSSION
High-throughput genome sequencing and comparative analysis
of a large number of related strains have been used to study the
spread andmicroevolution of several pathogens at the strain level,
including methicillin-resistant Staphylococcus aureus (29), Strep-
tococcus pneumoniae (30), and Vibrio cholerae in a Haiti outbreak
(31), demonstrating the power of comparative genome analysis of
multiple strains in improving our understanding of the bacterial
pathogens. However, this approach has been rarely applied to
study commensal species to understand their varied virulence po-
tentials among different strains and their roles in both health and
diseases.
Our study presents a comparative genome analysis of a major
skin commensal, P. acnes, based on a large number of sequenced
strains. This collection of strains includes not only strains associ-
ated with either healthy skin or acne but also a large number of
strain pairs that were isolated from the same individuals. This
allowed us to compare the phylogenetic relationships and micro-
evolution of the P. acnes strains associated with health versus dis-
ease as well as of the strains in the same individual microbiome.
By comparing 82 P. acnes genomes, we showed that all P. acnes
strains had a similar genome size with a similar GC content, en-
coding 2,577 ORFs on average (Table 1). Although P. acnes has an
open pan-genome, unlike many other open-genome species (24),
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it has limited genome expansion, with only a few new genes added
per genome (Fig. 1). The rates of genome expansion are similar
within the major lineages (see Fig. S2 in the supplemental mate-
rial). There was limited recombination among different P. acnes
strains, and thus, 16S rRNA ribotypes can be used as a proxy for
P. acnes strain identification and classification (Fig. 2). Compared
to other typing methods, 16S ribotyping has a much higher reso-
lution than recA typing and is much easier and faster than the
traditional MLST method. This method can be applied in a high-
throughput manner by combining it with next-generation se-
quencing and thus allows us to detect the microbiome variations
at the strain level (4). This is advantageous and important, as
identifying and understanding the strain-level variations of the
human microbiome is medically important.
We compared the genomes of the sets of strains isolated from
the same individual samples (Fig. 2; see also Fig. S3 in the supple-
mental material). To our knowledge, this collection of genome
data is unique and no such kind of studies to investigate the mi-
croevolution of a human commensal within an individual micro-
biome has been performed.We found that while multiple P. acnes
strain populations coexisted in the same individual microbiome,
clonal expansions occurred in each population with little recom-
bination among different populations. Within each lineage, the
strains isolated from the same individuals were significantly more
similar to each other than strains fromdifferent individuals except
the disease-associated strains, RT4 and RT5 strains (Fig. S3). Al-
though isolated from different individuals, they appeared to be
clonal and have evolved from the same ancestor strain (Fig. 2).
This supports the observation that these strainswere transmissible
(26) and that they may play a role in acne pathogenesis (4). This
finding is important and will help us control the spread of
antibiotic-resistant strains and develop new targeted therapy for
acne.
By analyzing the noncore regions, we identified the genomic
elements and alterations specific to each lineage (Fig. 4). These
lineage-specific elements may render the strains different physio-
logical and functional properties and thus lead to their different
roles as a commensal in health or as a pathogen in diseases. Among
the acne-associated strains, RT4 and RT5 strains encode three
distinct loci originated from mobile genetic elements and RT8
strains encode a distinct region containing a set of NRPS. The
virulent genes carried in these strain-specific regions may explain
the associations of these strains with acne and help the develop-
ment of new drugs targeting against these strains. On the other
hand, RT2 and RT6 strains, which were not associated with acne
and were enriched in healthy skin, respectively, all encode
CRISPR/Cas elements. The CRISPR mechanism may prevent
these strains from acquiring virulent genes from invading foreign
mobile elements. In addition, these strains contain genomic vari-
ations in lipases that may alter lipid metabolism and reduce their
virulence (see Fig. S5 in the supplemental material).
In conclusion, by characterizing the genetic landscape and di-
versity of P. acnes with a large number of genomes, we provide
genomic evidence that may explain the diverse phenotypes of
P. acnes strains and a new insight into the dual role of this com-
mensal in human skin health and disease. The findings from this
comparative genome analysis provide new perspectives on the
strain diversity and evolution of commensals in the human mi-
crobiome. As many current microbiome studies focus on the as-
sociations ofmicrobial communities with health and diseases, our
study underscores the importance of understanding the commen-
sal microbiome at the strain level (25). Our findings from this
study also shed light on new strain-specific therapeutics for acne
and other P. acnes-associated diseases.
MATERIALS AND METHODS
P. acnes strains.Among the 69 P. acnes strains that we sequenced, 67 were
isolated from the skin pore samples from acne patients and healthy indi-
viduals (4). The other two strains, HL201PA1 and HL202PA1, were iso-
lated from refractory endodontic lesions (23) and provided by David
Beighton at King’s College, London, United Kingdom.
Whole-genomeshotgunsequencing, assembly, andannotation.The
genome of HL042PA3 was sequenced using Roche/454 FLX and assem-
bled using a combination of Phrap/Consed (32) and GSMAPPER
(Roche). HL201PA1 and HL202PA1 were sequenced using Illumina
MiSeq (250 bp, paired end) and assembled using Velvet (33). The remain-
ing 66 genomes were sequenced as described previously (4). Coding se-
quences were predicted using GeneMark (34) and GLIMMER (35).
Computation of the core regions, noncore regions, and pan-
genome. The core regions were defined as genome sequences that were
present in all 82 genomes, while the noncore regions were defined as
genome sequences that were not present in all the genomes. KPA171202
was used as the reference genome. Each of the other 81 genome sequences
(a series of contigs inmost of the genomes and ten complete genomes)was
mapped to the reference genome using Nucmer (36). All the 81 “.coords”
output files of the Nucmer program were analyzed to identify overlap
regions based on the KPA171202 coordinates using a Perl script. Core
sequences were then extracted based on the genome sequence of
KPA171202 with the coordinates calculated above.
The unique regions from each genome were added to the reference
genome tomake a “revised” reference genome, which contained the orig-
inal sequence plus the unique genome sequences. This process was re-
peated for all the genomes until all the unique regions from all genomes
were included in the pan-genome.
Lastly, core regions were subtracted from the pan-genome. The re-
maining regions were defined as noncore regions, which are not shared by
all the strains. Protein coding sequences were predicted by Gen-
eMark.hmm using KPA171202 as a reference.
Identification of SNPs in the core regions. Single nucleotide poly-
morphisms (SNPs) were identified by using the “show-snps” utility op-
tion of the Nucmer program with the default settings (36). The genome
sequence of KPA171202 was used as the reference genome. All the 81
“.snps” output files of the Nucmer program were analyzed to identify
unique SNP positions based on the KPA171202 coordinates using a Perl
script.
Phylogenetic tree construction. The 82 concatenated sequences of
the 123,223 SNP nucleotides in the core regions were used to construct a
phylogenetic tree of the P. acnes genomes. MEGA5 (37) was used to cal-
culate the distance based on the SNPs in the core regions using the
neighbor-joining method and the p-distance method. The bootstrap tree
inferred from 200 replicates was taken.
Sequence type analysis based onMLST schemes. The sequence types
of the 82 isolates were determined based on theMLST schemes published
previously (11–13). TheMLST gene sequences were aligned using BLAST
against all the alleles used in the two MLST schemes.
Identification of CRISPR/Cas. CRISPRFinder (38) was used to iden-
tify the CRISPR repeat-spacer sequences. The annotation of HL110PA3
was used for BLAST alignment in order to identify the presence of
CRISPR/Cas structure and CRISPR repeat-spacer sequences in strains
HL001PA1, HL060PA1, HL042PA3, HL082PA2, HL103PA1, HL106PA1,
HL110PA4, HL202PA1, J139, and ATCC 11828. Each spacer sequence
was annotated by BLAST (39) against NCBI’s nonredundant nucleotide
database and the reference genomic sequence database (refseq_genomic).
Hierarchical clustering analysis of the noncore regions. Among the
1,685 noncore fragments (895,905 bp in total), 314 noncore fragments
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with a length of500 bp (747,189 bp in total, corresponding to 83%of all
the noncore regions) were extracted and used in hierarchical clustering of
the noncore regions. The Cluster 3.0 program (40) and average linkage
method were used. The clustering matrix was composed of 314 rows and
82 columns, in which “1” denotes presence of the noncore region and “0”
denotes absence of the noncore region. The Java TreeView program (41)
was used to display the clustering result.
Nucleotide sequence accession numbers. The accession numbers of
the genomes in the described analysis are ADWB00000000,
ADWC00000000, ADWF00000000, ADWH00000000, ADWI00000000,
ADXP00000000, ADXQ00000000, ADXR00000000, ADXS00000000,
ADXT00000000, ADXU00000000, ADXW00000000, ADXX00000000,
ADXY00000000, ADXZ00000000, ADYA00000000, ADYB00000000,
ADYC00000000, ADYD00000000, ADYE00000000, ADYF00000000,
ADYG00000000, ADYI00000000, ADYJ00000000, ADYK00000000,
ADYL00000000, ADYM00000000, ADYN00000000, ADYO00000000,
ADYP00000000, ADYQ00000000, ADYR00000000, ADYS00000000,
ADYT00000000, ADYU00000000, ADYV00000000, ADYW00000000,
ADYX00000000, ADYY00000000, ADYZ00000000, ADZA00000000,
ADZB00000000, ADZC00000000, ADZD00000000, ADZE00000000,
ADZF00000000, ADZG00000000, ADZH00000000, ADZI00000000,
ADZJ00000000, ADZK00000000, ADZL00000000, ADZM00000000,
ADZN00000000, ADZO00000000, ADZP00000000, ADZQ00000000,
ADZR00000000, ADZS00000000, ADZT00000000, ADZV00000000,
ADZW00000000, ADFS00000000, CP003293, CP003294, AE017283.1,
ADFS00000000, ADJL00000000, CP001977.1, ADJM00000000,
AFUM00000000, CP002409.1, CP002815.1, CP003084.1, CP003195.1,
CP003196.1, CP003197.1, and AIJP00000000.
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